Abstract. Tungsten is a promising candidate for the plasma-facing components of a future fusion reactor, but its use is strongly restricted by its inherent brittleness. An innovative concept to overcome this problem is tungsten fibre-reinforced tungsten composite. In this article we present the first mechanical test of such a composite material using a sample containing multiple fibres. The in-situ fracture experiment was performed in a scanning electron microscope for close observation of the propagating crack. Stable crack propagation accompanied with rising load bearing capacity is observed. The fracture toughness is estimated using the test results and the surface observation.
Introduction
Tungsten is a promising candidate for the plasma-facing components of a future fusion reactor due to its unique combination of properties such as the very high melting point or the good thermal conductivity [1, 2] . However, tungsten features a ductile-to-brittle transition (DBT), which isdepending on the type of experiment and fabrication route -at several hundred degrees centigrade. The occurrence of a DBT means that below a certain temperature tungsten behaves brittle. In addition, tungsten is heavily embrittled both by recrystallization and neutrons from the fusion reaction [1] [2] [3] . Numerous efforts are undertaken to overcome these problems. Detailed reviews on the progress in making tungsten applicable for fusion can be found elsewhere [4, 5] . An innovative solution using a composite concept has been developed at the Max-Planck-Institute für Plasmaphysik (IPP) in the past years. It consist of a tungsten matrix, produced by a chemical vapour reaction, which is reinforced by drawn tungsten wires coated with an engineered interface [6] [7] [8] [9] [10] . The new material is a tungsten fibre-reinforced tungsten composite (W f /W). In this material, the toughness is enhanced by extrinsic mechanisms of energy dissipation rather than by conventional ductilization mechanisms like alloying or thermo-mechanical treatment.
In brittle materials such as bulk tungsten there is no possibility of stress redistribution and this leads to a scattering in strength and flaw sensitivity [11] , and therefore a lack of reliability. Extrinsic toughening is the only method which allows the toughening of brittle materials [12, 13] and is widely used in ceramic fibre-reinforced ceramics [14, 15] . The underlying mechanisms allow the dissipation of energy and thus relaxation of stress peaks. Typical mechanisms are crack deflection at interfaces, crack tip shielding by fibre bridging, or energy dissipation by fibre pull-out [14, [16] [17] [18] [19] . The most effective mechanisms are the pull-out and the ductile deformation of the reinforcements [20] . As most of the toughening mechanisms do not require material plasticity, tungsten is toughened below the DBT temperature (DBTT) and above the recrystallization temperature, as well as during operation in a neutron flux. For miniaturized W f /W composites samples the strong contribution to the toughness by ductile fibre deformation has been shown [9] . These miniaturized samples are single fibre composites which contain only one single fibre within a tungsten matrix the crack stopping, bridging, deflection and meandering was shown in bending tests for as-produced and embrittled samples [10] .
In this contribution, we present the first mechanical test of a multi-fibre W f /W composite. A careful sample preparation and the surface observation by a scanning electron microscope (SEM) during the bending experiment allow to observe the interaction between cracks and microstructure. We present the details of the manufacturing route, the testing method and the results of the surface observation together with an estimation of the toughness.
Fabrication of a multi-fibre W f /W composite by chemical vapour infiltration
Classical composite production routes like liquid infiltration or diffusion bonding (details in [14] ) are not readily applicable for W f /W due to the very high melting point and high temperature strength of tungsten and the fact that fibre and matrix have similar properties. Therefore, a chemical deposition route is used for the production of W f /W. A fibrous preform consisting of tungsten wires with a diameter of 150 µm is infiltrated with gaseous WF 6 and H 2 . In a surface reaction the WF 6 is reduced by the H 2 to form the tungsten matrix. This allows low processing temperatures (< 600° C) and a force-less fabrication, and thus the preservation of the interface integrity. A general problem of a chemical infiltration technique is the remaining porosity in the produced bulk material. This can be influenced by varying the fibre arrangement, gas flow and temperature distribution during the chemical deposition. The first attempts for the production of bulk W f /W composites by chemical vapour infiltration used a gas flow perpendicular to the fibre axis and a variable temperature distribution. With this technique the fabrication of composite material up to a density of 80% was possible [21] . Nevertheless, the remaining pores are concentrated between the fibres and only a poor compactness is achieved by that procedure. A gas flow longitudinal to the fibres allows the fabrication of compact specimens, but is technically more demanding. To allow longitudinal gas flow, the fibre preform has to be accessible along the fibre axis. The previously used winding technique [21] allows the production of well-ordered fibre arrangements, but blocks the access along the fibres (see figure 1 .a). By using a dual step CVI process combining a perpendicular and a longitudinal gas flow, dense W f /W is produced. A first infiltration step with a gas flow perpendicular to the fibres in combination with a thermal gradient produces a triangular deposition profile with touching fibres at one end (hotter area) and loose fibres at the other end (see figure 1 .a). This sample is then cut free and due to the touching region, a freestanding sample is achieved. The sample is mounted into the CVI reactor for a second time whereas the free fibres are located within a die plate (see figure 1 .b). The reaction gas flows along the fibres in a longitudinal direction. By applying a thermal gradient, the fibre preform starts to consolidate from the hotter region. The sample is fully consolidated by moving the heater along the preform. A preform consisting of 9 layers with 10 fibres each is used for the here shown investigations. It is 100 mm long and 2 mm thick. This preform is then treated under perpendicular gas flow for 12 h. The gas flow is 62 sccm 1 WF 6 and 250 sccm H 2 . A local heat source at the lower end of the preform is used to create a temperature profile with 563 K at the upper end and 741 K at the lower end, resulting in a temperature gradient of 2.1 K/mm. The produced sample is then cut free to get a second preform with a length of 25 mm. This preform is infiltrated in longitudinal direction for 34 h with a gas flow of 40 sccm WF 6 and 150 sccm H 2 . Again a local heat source is used to produce a thermal gradient. The position of the heat source was kept constant and close to the lower end of the preform for 10 h, leading to a temperature of 635 K at the lower end and 582 K at the upper end and a resulting temperature gradient of 2.1 K/mm. The heat source was moved upwards by 4.5 mm/h during the remaining infiltration time. A dense sample is produced by this fabrication procedure. Cross-sections of the top and the bottom parts show a porosity of less than 5 %. The porosity was determined as an average over several crosssections. figure 2 presents the cross-section at the bottom before and after the second infiltration. Very low porosity is present in longitudinal sections, but some larger pores exist. These pores are probably a consequence of the loose fibres at one end of the preform before the second CVI step. Some of these fibres may have touched in a way that closed pores are formed which cannot be infiltrated by the reaction gases. The final sample has a length of 25 mm and a cross section area of 3x3mm 2 , which was then used to produce the three-point bending (3PB) sample. 
Bending test with in-situ surface observation by a scanning electron microscope
Extrinsic toughening mechanisms only become active behind the crack tip [16] . Therefore, large samples are necessary to permit a proper crack development and to allow for a measurable effect on the toughening. To detect the crack initiation and its propagation, the sample surface is highly polished and carefully monitored during testing. A bending test according to ASTM E399 [22] is used to study the dynamic crack behaviour. The test is conducted within a scanning electron microscope (SEM, LEO Zeiss 1525), to allow high-resolution surface observations. The SEM is equipped with a Kammrath & Weiss 3PB stage. This setup was already used for experiments on single-fibre W f /W samples [6] . It allows the observation of the interaction between the crack and the composite, i.e. fibre, matrix and interface, at its microstructural level.
Sample preparation
A careful surface preparation is required to allow the observation of the crack propagation. A combination of a mechanical (SiC grinding paper and diamond suspension) and a mechanicalchemical (Logitech SF1 "Syton") procedure is used (details in [23] ). The sample is prepared such that the first layer of fibres is cut in half, which can be seen in figure 3 . This allows the observation of the interaction of the crack with the first fibre layer in the surface. The sample contains n layers with m fibres each. To be able to distinguish the fibres, each fibre is identified by its layer and its position within the layer. To give an example, the second fibre in the first layer is labelled "fibre 1-2". The final 3PB sample has a length of 12.9 mm, a height of W = 3.0 mm and a width of B = 2.2 mm. The sample is notched to concentrate the stress at the notch tip and to create a well-defined crack initiation point. As a sharper crack lowers the load needed for crack initiation [24] , a three-step notching procedure with decreasing notch radii is used. With a diamond wire saw a circular notch (radius 150 µm) is formed. This notch is deepened using a razor blade polishing technique (details in [24] ). The resulting notch radius is approximately 10 µm. Finally a focused ion beam (FIB) is used to produce two small adjoining pockets at the notch tip which act as dedicated crack initiation points [25] . The overall notch depth is a = 990 µm, which is approximately 30% of the sample height. figure 3 schematically shows the details of the sample and the notches. 
Bending test
The bending unit is equipped with a sample holder (sample length 4-30 mm), a loading unit and measuring devices for load (max. 500 N) and displacement. After mounting the sample onto the unit it is installed inside the SEM. The surface of the sample is perpendicular to the electron beam and orientated in a way that the load input is from top and bottom of the sample (see figure 4) . The sample is loaded in a displacement-controlled manner while the crack tip (respectively the notch tip) is observed in a fast scanning mode to capture any changes at the crack tip immediately. To obtain high quality pictures or to scan the full sample an extended period of time is required. Therefore, the displacement is stopped when a defined load or displacement is reached or if a sudden change at the surface (e.g. crack propagation) is observed. After stopping, several high quality pictures are taken. The displacement is kept constant and due to relaxations a slight unloading of the sample may take place. The bending test is therefore conducted stepwise. 
Results
The load-displacement curve of the bending test on the multi-fibre W f /W sample is shown in figure 5 . After mechanical setting of the setup, the load increases linearly (part I). At a load of 127 N, crack initiation in the matrix is observed at the surface (step 3 in figure 5 ). The crack initiation is accompanied by a load drop of 2 N. With on-going loading, stable crack propagation is observed, accompanied by a linearly increasing load up to 283 N (part II). During this part of the test, a straight crack is formed in the matrix (step 3 in figure 6 ), starting from the notch tip. In addition, an opening perpendicular to this crack is formed within the matrix (matrix-matrix debonding in step 3 of figure 6 ). With increasing load a stepwise growth of the crack within the matrix is observed (step 4). The crack is growing straight until it reaches fibre 1-2 (i.e. fibre 2 in layer 1, step 5). With further increasing load the matrix opens between fibre 1-1 and 1-2 (step 6). This opening or perpendicular cracking is observed at a position where independently grown regions during the CVI process, have met. Together with the previously observed opening the whole matrix mantle around fibre 1-2 fully debonds and bridges the crack. During this part of the test the crack is stable and only grows when the load is increased.
A massive load drop occurs after reaching the maximum load of 283 N (part III). Accompanied with the load drop the crack propagates almost completely through the sample (see figure 7) . However, no complete failure is observed and still a load bearing capacity of 50 N remains. The crack has been deflected several times, mostly at matrix openings perpendicular to the original crack path. Some fibres are bridging the crack (fibre 1-2 and fibre 1-4), some fibres have failed. Compared to displacement step 6 a new crack plane has formed at fibre 1-2 and the formerly bridging fibre 1-1 has failed. With on-going displacement (part IV) several minor load variations are observed (steps 7-9). These are accompanied with no further crack propagation, but crack opening. After displacement step 10, the crack propagation continues. Due to the stepped crack path a strong wedging is observed, which is well visible at the matrix coating of fibre 1-2 and fibre 1-4. At step 11 the test is stopped before complete failure of the specimen.
The fracture toughness K is determined according to ASTM E399 (equation A.3.1 and A3.2 in [22] ). For the evaluation, the actual crack length must be known. In an inhomogeneous composite material such as W f /W the determination of this length using only a surface observation is not possible [26] . Without detailed knowledge on the crack length over the whole sample thickness, the initial crack length, i.e. the length of the notch, is used for a conservative estimation of K. As a consequence of the rising load K increases, although the crack length is kept constant. As the true crack length is clearly longer and even increases during the test, the true value of K must be even higher. The determination of the fracture toughness is only valid for small deflections and is thus calculated only for values up to the maximum load. The values are shown in figure 8 . The fracture toughness of the matrix (crack initiation) is 5.9 MPa m 0.5 and the maximum fracture toughness is 13.3 MPa m 0.5 . 
Discussion
At room temperature, tungsten typically fails in a mixture of cleavage fracture and grain boundary fracture [27] . Furthermore, below the ductile-to-brittle transition temperature, tungsten fractures in a brittle manner -these are well-known facts. The same fracture behaviour was reported for CVD tungsten [28] . The new composite W f /W, however, shows controlled, i.e stable, crack propagation and a rising load-bearing capacity. The stress intensity for the first visible crack propagation on the observed surface is in a typical range for undeformed (recrystallized, sintered) tungsten materials [29] . However, with increasing stable crack propagation, the load increases -leading to a pronounced increase in measured toughness. This behaviour is typical for a composite material with extrinsic toughening mechanisms [16] and the following mechanisms are active before reaching the maximum load:
• Bridging by intact fibres • Bridging by intact matrix elements • Energy dissipation by longitudinal matrix cracking • Energy dissipation by fibre-matrix interface debonding • Crack deflection and crack meandering at matrix-matrix and fibre-matrix interfaces These toughening mechanisms have all been observed during the in-situ experiment. Only the first layer of fibres is visible on the specimen's surface and therefore only mechanisms acting in this layer are visible. A quantitative estimation of the contribution of each mechanism is not possible, as the surface observation does not provide any information about the interior of the sample. However, the observed strong toughening effect, e.g. the crack stopping within the matrix, indicates that these mechanisms are also active within the sample. Clearly, a strong contribution to the toughening is provided by the bridging mechanism. This bridging is realized by single fibres as well as by freestanding matrix areas. In case of failure of multiple bridges, a massive load drop is the consequence. The crack bridging by intact fibres, as well as the energy dissipation by fibre-matrix interface debonding and crack deflection at these interfaces, have also been reported for single fibre composites [9, 10] . Interfaces within the matrix act as weak point and readily debond during the test. By doing so, whole matrix elements can act as crack-bridging elements. In addition, the crack is stopped and deflected at these interfaces. It was reported before, that such longitudinal cracks can contribute to the toughening [19] . This deboning within the matrix is a consequence of the prototype phase of the fabrication process and will be avoided by future process optimisation. However, the present study confirms that defects in the matrix due to fabrication do not necessarily lead to catastrophic failure of the composite as it is reported for brittle materials [11] . The toughening effect strongly increases the load-bearing capability even with crack propagation. After the crack initiation, the load can be further increased by a factor of two before a pronounced macroscopic effect occurs. The effect is estimated to an at least 120 % increase in toughness compared to the not-reinforced bulk matrix material. This study demonstrates for the first time the considerable extrinsic toughening effect originating from the energy dissipation caused by controlled interfacial debonding and sliding in a tungsten fibrereinforced tungsten composite. It suggests a promising application potential of the composite to plasma-facing armour for which thermal shock resistance is important. As armour of a plasma-facing component, the orientation of the reinforcing fibres needs to be aligned perpendicular to the main heat flow direction. If the composite undergoes overall interfacial debonding, the deterioration of the thermal conductivity in the vertical direction will be a concern. However, the reduction of the conductivity will not be so significant, because the matrix is connected through the volume while debonding occurs at the cylindrical interface of the embedded fibres. Therefore the thermal conductivity of the matrix -which is the dominating heat transport mechanism -is only marginally deteriorated.
Conclusion and outlook
In this work, the first mechanical experiment on tungsten fibre-reinforced tungsten composites containing multiple fibres is presented. An active extrinsic toughening effect is demonstrated in a qualitative and quantitative in-situ analysis. Several mechanisms are observed which lead to a controlled, i.e. stable, crack propagation and a rising load-bearing capacity. As a consequence, the toughness of the composite material is strongly increased leading to damage tolerance. The composite can therefore withstand local overloads or fabrication flaws. A detailed examination of the fracture surface together with an analytical description of the experiment will be presented in a succeeding paper. In the near future optimised samples with low porosity and improved interfaces will be tested.
